I. Sample Preparation. -Applications are not limited to pure elements and compounds : solid solutions are also of use. For example, extensive studies of the bismuth-antimony alloys were instigated by their possible use in thermoelectric cooling at low temperatures. An important feature is the retention of high carrier mobilities and long carrier mean free paths on alloying : carrier densities remain low in the alloys, and the de Broglie wavelength of carriers at the Fermi surface is too long to resolve the local perturbations produced by isoelectronic impurities. In a review of the transport properties of the bismuth-antimony alloys, H. J. Goldsmid (Bath University) set the scene for repeated discussions during the conference of the necessity of achieving homogeneity and purity in low gap alloys and compounds. Crystal growth techniques, reviewed in detail by S. E. R. Hiscocks and D. T. J. Hurle (Royal Radar Establishment) assume prime importance ; in particular constitutional supercooling can lead to cellular segregation with consequent inhomogeneity and high dislocation densities. Very slow growth rates and steep temperature gradients are prerequisite in preventing microsegregation of components.
One notable advance in the growth of crystals with one or more volatile components is the technique of liquid encapsulation : crystals are pulled or Bridgmangrown from melts covered with an inert, glassy film while an ambient pressure in excess of the vapour pressure of the volatile component is maintained to suppress evaporation. This method (see Fig. 1 ) avoids a high outer container temperature and the many difficulties associated with pulling from an enclosed container at high temperature. Boric oxide B,O, is a most effective encapsulant : it is inert, transparent, forms a glass which wets silica, is an effective solvent for metal oxides and is easily dissolved away from the crystal surface by hot water. Materials grown at R. R. E. by this method include among others PbTe, SnTe, GeTe, Pb,Snl-,Te, Ge,Snl-,Te, Hgl-,Cd,Te, Cd,As,, GaAs and Bi.
Both SnTe and PbTe have appreciable vapour pressures near their melting points. Recently Hiscocks and West [l] have grown Pbl-,Sn,Te single crystals to closely controlled compositions from melts encapsulated with B203 by the Czochralsky technique. The onset of constitutional supercooling as a function of growth rate was investigated, and cell structure was found for pull rates above 10 mm/h. Crystals grown at 5 mm/h were apparently free of cell structure but, to allow a safety margin, growth rates between 1 and 3 mm/h were normally employed.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1968401 With PbTe-SnTe or PbSe-SnSe alloys infrared detection can be achieved at longer wavelengths than with the pure binary compounds themselves ; several workers reported extension of the long wavelength limit, including in their measurements response at 10.6 p, the wavelength of the CO, laser. The relatively poor values of the figure of merit D* attained to date are possibly indicative of the early stage of development. These alloys show potential as infrared detectors in optical communications systems through the atmospheric window for which wideband, sensitive detectors are desirable.
Other alloy systems in which the interesting zero gap condition is obtainable include Bi-Sb, HgTe-CdTe and Hg3Te3-In2Te,. The relationship between the band structure and electrical properties of the Hg,Te,-In2Te, alloys, studied extensively by D. A. Wright and his co-workers [5] , was reported at the conference. HgTe itself is a semimetal. Addition of In,Te3 reduces the band overlap linearly with lattice parameter as far as 37.5 % molecular In,Te,. The zero gap alloy has a composition corresponding to 5 % molecular In,Te3.
The electron effective mass is low (< 0.04 m,) and mobility rather high.
The Band Structures and Transport Properties of the Group V Semimetals and the IV-V1
Compounds.
-A high proportion of the papers presented at the conference were concerned with aspects of either band structure determinations or carrier transport properties. Reviews falling into this regime included those given by H. J. Goldsmid (Bi-Sb alloys), M. G. Priestley (de Haas-van Alphen effect), D. L. Greenaway (optical reflectivity techniques), G. A. Saunders (galvanomagnetic effects) and T. C. Harman (leadtin chalcogenides).
Much of the work discussed related to the Group V elements As, Sb and Bi. These crystallize in a rhombohedral(3 m) crystal structure which can be obtained from the simple cubic structure (made from two inter-(( SEMIMETALS AND NARROW GAP SEMICONDUCTORS 1) C 4 -5 penetrating fcc lattices) by a shear, applied along a cube diagonal so that the rhombohedral angle a is reduced (from 600 to 54010' for As, 5706.5' for Sb and 57O14.2' for Bi), combined with an internal displacement of atoms along this body diagonal. This crystal structure is closely related to that of the IV-V1 compounds and an outline of the band structures and transport properties of the Group V elements provides an interesting point of comparison for IV-V1 compounds.
In the materials of distorted structure, band overlap leads to semimetallic behaviour [6] . States near the band edge in the sixth zone are lower in energy than those in the fifth zone : a small number of electrons spill over into the conduction band to leave an equal number of holes in the valence band ; the carrier density in each band is 3 X 1017/cm3 for bismuth [7] , 4.2 X 1019/cm3 for antimony [8] and 2.1 X 1OZ0/cm3 for arsenic [9, 101. Characteristic carrier properties are small effective masses, high mobilities and long electron-lattice relaxation times ; quantum effects are relatively large ; the semimetals are particularly suitable vehicles for experimental band structure studies and for testing new aspects of electron theory. Much research has been carried out for bismuth. Detailed band structure calculations have now been completed for bismuth [l l] , antimony [l21 and arsenic [l31 using the pseudopotential approach. These accord with experimental data : the essential features of the Fermi surfaces are now mapped out and turn out to be rather complicated, as might be expected from the distorted crystal structure. All these semimetals have similar electron surfaces, namely sets of six warped half ellipsoids, which coalesce into three warped whole surfaces, centred about energy minima at the centres of the six irregular hexagon faces of the Brillouin zone (Fig. 2) . These minima lie in the three reflection planes. Each electron ellipsoid has one principal axis coincident with an axis of two-fold symmetry -there are three of these, each obtainable from the others by a rotation of f 1200 about the trigonal axis -while the other ellipsoid principal axes lie in the mirror plane.
The configuration is illustrated in figure 3 . angles $, are collected in Table l. In the A7 arsenic structure rotations by identical amounts in the mirror plane away from the trigonal axis towards the directions T X or TL are not equivalent [14] . To avoid ambiguity, the sense of the tilt angles must be defined 
TL in the quadrant containing TT, T L and r N (for As and Sb).
through specification of the direction employed for this rotation. Experimentally this is made easier from back-reflection Laue photographs : the direction TL gives rise to a prominent pseudo-trigonal point and I'X to a pseudo-fourfold point.
The hole surfaces differ considerably from one semimetal to another ; in bismuth there is one ellipsoid of rotation about the trigonal axis, while in antimony and arsenic there are six highly tilted pockets, see table I, those in arsenic being connected by six small <( necks to form the <( crown shown in figure 4.
Effective mass tensor components along the principal ellipsoid axes in the group V semimetals. Abeles and Meiboom [l61 first showed that the galvanomagnetic effect data in bismuth can be interpreted on the basis of the Fermi surface model just described. The method is incapable of providing an independent determination of the number of ellipsoids. A valuable feature is that galvanomagnetic effects do allow direct experimental discrimination between the carriers. Until recently little experimental evidence was available to assign the electrons and holes to the two sets of pockets found for both antimony and arsenic. Indeed for antimony the carriers in the highly tilted pockets were conventionally, although incorrectly, alluded to as electrons. This led to much confusion. As the Fermi surface volume expands through the sequence bismuth, antimony and arsenic, the carrier effective masses increase. Some of the considerable data in the literature are collected in table 11.
Refe
One intent of Fermi surface studies is to sharpen our understanding of transport properties. Fundamental details of the band and mobility parameters can now be deduced from measurements of the galvanomagnetic effects. For the 3m structure there are twelve independent components of the magnetoresistivity tensor to second order in magnetic field [15] .
Carrier mobilities in the ellipsoid coordinate system for arsenic at 305 OK and antimony at 273 OK, assuming ellipsoidal energy surfaces. In arsenic high mobility holes [l31 in the connecting necks may play a role in the transport properties [10] . One interesting question arises in the antimony-tin alloys containing carrier densities of the same order as in arsenic : are the hole pockets expanded into a crown-like surface ? Measurement of the magnetoresistivity tensor do provide evidence for the existence of light holes in alloys containing between 2 at. % and 8 at. % tin [18] . The density of this second set of carriers is about 1 % of that of the majority holes. Figure 5 For the pure elements antimony and bismuth at least, the carrier transport properties can be resolved quite well using the multivalley model with ellipsoidal energy surfaces and parabolic bands. But there are discrepancies. For antimony the magnetoconductivity tensor analysis gives 24O for the angle $, of the hole pockets and a carrier density in each band of 4 X in contrast to values of $, = 310 and N = 5.5 X obtained from the de Haas-van Alphen effect data [20] . The Fermi surface is not ellipsoidal [12, 141. A characteristic of narrow gap semiconductors and materials having band edges close together is a non-parabolic E -k relationship, resulting from mutual interaction between the bands through the k. p interaction. Two models are now in favour : those of Lax (ellipsoidal, non-parabolic) and Cohen (non-ellipsoidal, non-parabolic). These models have been examined extensively for the conduction band in bismuth but it is difficult to distinguish between them : they provide similar conditions over much of the Fermi surface and differ essentially along the less accessible heavy mass direction [I l] . A sensitive test of the models is to look for changes, predicted only by the Cohen model, in the Fermi surface anisotropy with doping or application of hydrostatic pressure.
Cohen's model has been extended to the IV-V1 compounds, such as PbS, PbSe, PbTe and SnTe, which have a closely,related crystal structure to the group V semimetals. Cohen gives the dispersion relation for carriers at the symmetry points in the Brillouin zone where band extrema are sited. During the conference it became clear that the transport properties in the near zero gap IV-V1 compounds, as well as the group V semimetals, can only be unambiguously interpreted using the non-ellipsoidal, non-parabolic band model (see Allgaier [21] and Rogers [22] for references in this field).
IV. The magnetophonon effect. - illustrates the oscillations observed in n-type InSb by R. A. Stradling. Physical insight into the effect can be gained on the model sketched in figure 7 . When the energy %m, of the longitudinal optical phonons is equal to the energy separation between the Landau levels N&O, the probability of scattering of electrons with these optical phonons increases markedly and the resistivity component p,, rises (the magnetic field H is aligned parallel to the z-axis). Thus the condition for resonant absorption is and this inelastic interaction gives rise to a periodic oscillation in the magnetoresistance of a form different from the de Haas-Shubnikov effect. Conditions for observation of the effect include a high carrier mobility and sufficient optical mode phonons. The latter condition necessitates a moderately high temperature : the optimum temperature for InSb is 104 OK [24] . Here is a powerful method for estimating either the longitudinal optical phonon frequency or the carrier effective mass without recourse to the expensive hardware of cyclotron resonance. Both longitudinal and transverse magnetoresistance effects of this nature have been observed in several materials, but so far not in IV-V1 compounds.
